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Abstract
We report the infrared transmission measurement on electrically gated twisted bilayer graphene.
The optical absorption spectrum clearly manifests the dramatic changes such as the splitting of
inter-linear-band absorption step, the shift of inter-van Hove singularity transition peak, and the
emergence of very strong intra-valence (intra-conduction) band transition. These anomalous optical
behaviors demonstrate consistently the non-rigid band structure modification created by the ion-
gel gating through the layer-dependent Coulomb screening. We propose that this screening-driven
band modification is an universal phenomenon that persists to other bilayer crystals in general,
establishing the electrical gating as a versatile technique to engineer the band structures and to
create new types of optical absorptions that can be exploited in electro-optical device application.
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Introduction. The chemical potential µ of two-dimensional materials composed of one
or a few atomic layers exhibits a marked shift by electrical gating due to their ultra-thin
sample thickness [1–5], thus manifesting numerous novel optical properties under external
bias. In monolayer graphene, for example, the universal optical conductivity under the linear
band regime σmono = e
2/4~ [6] can be tailored at a certain photon energy E by controlling
µ [7–9], allowing for a graphene-based optical modulator [10]. The electrical tuning of
optical absorption is not limited to monolayer graphene but was also observed in other
two-dimensional materials such as Bernal-stacked bilayer graphene and black phosphorus
[11–16].
A twisted bilayer graphene (tBG), two sheets of graphene stacked with a twist angle
θ, has attracted a great deal of attention due to the fascinating physics such as the moire´
superlattice, Hofstadter butterfly, and the emergence of two-dimensional superconductivity
[17–20]. When the Fermi energy lies at the charge neutrality point (µ = 0), the low-
energy optical spectrum of tBG is characterized by the linear-band absorption from the
two graphene layers [indicated by the red arrows in figure 1(b), LB hereafter], yielding
2σmono. At higher energies, however, the interlayer interaction hybridizes the LBs of the two
graphene layers and yields a band anticrossing as illustrated in figure 1(b) [21–25]. Although
the transition between the saddle point van Hove singularities (vHs), i.e., vHs2 → vHs1, is
exactly forbidden by the lattice symmetry [25], the transition between vHs and the band
edge (BE) of the second band exhibits a prominent absorption peak coming from the large
joint density of states [blue arrows in figure 1(b), Peak-α hereafter] [24–27].
It is expected that the optical absorption spectrum of tBG under electrical gating will
exhibit rich physics compared to that of monolayer graphene. For example, if µ reaches vHs2
(vHs1), either of the interband transitions Peak-α will vanish and a new intra-valence (intra-
conduction) band transition, such as BE2 → vHs2 (vHs1 → BE1), will emerge due to the
depletion of electron (hole). However, such dramatic changes have never been experimentally
observed yet. Here we report the first infrared transmission measurement of gated tBG,
and show the optical absorption spectrum with a varying µ over a wide range. Our result
demonstrates that the electrical gating leads to a significant modification of band structures,
in addition to the µ-shift, by creating an interlayer potential asymmetry between the two
graphene layers. We further elucidate the full non-rigid band modification schemes and
discuss its implication on optical device application.
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Experiment. To make a tBG sample, we first prepared a single-domain monolayer
graphene by the chemical vapor deposition (CVD) on a single crystal Cu substrate [28].
Then a pre-grown second graphene sheet was transferred on top of the first one by the bub-
bling and alignment technique [29]. The tBG sheet was transferred on SiO2/Si substrate for
further optical measurement. We chose lightly p-doped Si substrate (resistivity ∼ 10 Ωcm)
which is IR transparent, which allowed us conduct the transmission measurements [30].
To perform the ion-gel gating on the tBG, the mixture of [EMIM][TFSI] ionic liquid, PS-
PMMA-PS triblock copolymer, and ethyl acetate solvent (weight ratio = 0.1 : 0.9 : 9) was
prepared and spin-coated on the sample [31]. Optical transmittance was measured using a
microscopic FTIR (Bruker, Hyperion 2000) for an infrared frequency range on five samples
with different θ’s. The optical conductivity σ1(ω) of tBG was extracted by fitting the raw
data using the multilayer Kramers-Kronig analysis program, RefFit [32].
Results. In figure 1(c), we show the optical conductivity σ1(ω) of tBG with various
rotation angles (see supplemental figure S1 for the raw data). The σ1(ω) spectrum shows
two distinct interband transitions described in figure 1(b): (i) the frequency-independent
conductivity 2σmono which comes from the LB-transition (red arrows), and (ii) the prominent
absorption Peak-α which comes from the transitions vHs2 → BE1 and BE2 → vHs1 [24, 25].
Peak-α blueshifts as θ increases [figure 1(c) and inset], since the two Dirac cones in figure 1(b)
move apart, increasing the energy of the vHs [25]. Figure 1(d) shows the fitting of the
conductivity with LB and Peak-α using a model function
σ1(ω, µ) = 2σLB(ω, µ) + σα(ω), (1)
Here the factor 2 comes from the layer degeneracy, and the LB-transition conductivity for
each layer is given by
σLB(ω, µ) = σmono ×
[
tanh
(
~ω + 2µ
4kBT
)
+ tanh
(
~ω − 2µ
4kBT
)]
/2, (2)
where µ(= 0.28 eV) and T (= 300 K) are the chemical potential and temperature, respectively
[8]. For Peak-α, we use the standard Gaussian function
σα(ω) =
Sα√
2piΓ2α
exp
[
−(~ω − Eα)
2
2Γ2α
]
, (3)
where Sα, Eα, Γα stand for the intensity, energy and broadening of the peak, respectively.
The model function fits very well the measured conductivity except for a minor discrepancy
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at 0.76 eV, where the latter discrepancy is due to the deactivation of the LB-transition in
the small region of K-space where the hybridization gap is opened, as theoretically predicted
[25].
We prepared an ion-gel gating circuit on the θ = 6.4o sample as schematically shown
in figure 2(a), and measured the optical transmittance by varying the bias voltage VG over
−2 V < VG < 2 V. The reference charge neutral point VCNP of this tBG sample is 0.84 V as
we will show later in figure 4(a). Figure 2(b) shows the VG-driven change of σ1(ω) for the
hole-doping regime, −2 V < VG < VCNP. In a rigid-band picture, the absorption edge of LB-
transition σLB will remain sharp, and both the energy and intensity of Peak-α will remain
unchanged with VG until µ reaches vHs2. The absorption profile in figure 2(b), however,
shows that (i) the absorption edge of σLB shows a considerable broadening and shifts to
higher energy, and (ii) Peak-α shifts to lower energy while its intensity is reduced markedly.
Thus, our observations provide clear evidence that the band structure of tBG varies with
gating. Such a drastic change of the band structure, i.e., a non-rigid band modification,
mainly arises from the charge screening by the graphene layer. The two graphene layers have
asymmetric charge density distribution, since the electric field from the ion-gel is screened
by the charge at the top graphene layer. Thus, the bands of the top and bottom layers
shift by a different amount, ET and EB respectively, leading to an asymmetric potential
profile as sketched in figure 2(c). Figure 2(d) shows the effect of the asymmetric band
shift on the optical transitions. Firstly the absorption edge of the LB-transition splits into
2ET and 2EB for the two graphene layers rather than being degenerated, demonstrating
that the band shift difference U can be determined once the LB-transition energies are
measured from U = ET − EB. Secondly, the hybridization gap in the conduction band
and valence band shift from their un-gated position M¯ to opposite directions, K¯ and K¯ ′,
respectively. As result, Peak-α energy is reduced. Also, since the optical transition can
no longer simultaneously involve vHs and BE, the intensity of Peak-α is decreased. When
µ passes vHs2 by strong gating, a new absorption peak (Peak-β hereafter) emerges due to
the intra-valence band transition as shown in figure 3(f). To reflect these non-rigid band
features, we fit the absorption spectrum to
σ1(ω) =
∑
i=T,B
σLB(ω,Ei) +
∑
j=α,β
σj(ω) + σD(ω), (4)
The first term in Eq. (4) is summed over the top (T) and bottom (B) layers, and represents
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the LB-transition from two shifted Dirac cones. The second term refers to the vHs-BE
transitions Peak-α and Peak-β, in the form of the Gaussian function with the intensity Sβ,
energy Eβ, and broadening Γβ of the peak, and the last term σD(ω) represents the Drude
(intra-band) conductivity of Dirac carrier [30, 33, 34].
Figure 3 shows the fitting result for three representative VG’s corresponding to CNP (=
0.84 V), intermediate (-1.3 V), and strong (-2 V) gating. The fits are in fair agreement
with the measured optical absorption spectrum as shown in figure 3(a), (c), (e), and reveals
the relevant parameters, ET/B, Sα/β, Eα/β, and Γα/β. Figure 3(b), (d), (f) show the band
structure for each VG’s that reproduces the optical transition energies as fitted.
Figure 4 displays the fitting parameters as function of VG. Figure 4(a) shows that the
band shifts ET and EB increase along with gating, consistent with the band evolution in
figure 3(b)-(f). Here we determine the interlayer potential difference U from ET and EB
by calculating U = ET − EB. We also show E∗ which refers to the lower-bound of the
LB-transition of the top band at M¯ as depicted in figure 3(d). E∗ is smaller than ET due to
the gap opening. By refining σLB in the fit, we found the lower-bound of the LB-transition,
2E∗, for a gating range of VG < −1 V (see supplemental figure S2 for details). At weak
gating, E∗ is close to the value of ET but it becomes closer to the value of EB as µ reaches
vHs2. Thus, E
∗ and EB indicate that µ reaches vHs2 at VG = −1.5 V . Figure 4(b) shows
the VG-dependence of the energy and intensity of Peak-α. The peak energy Eα decreases
with VG. Figure 2(c) and (d) show that the amount of the gate-driven change of Eα, ∆Eα
[≡ Eα(0) − Eα(VG)] is approximately equals to U . Our calculation of U (see supplemental
figure S3 for details) is compared with the U obtained from σLB in figure 4(a). The two
U ’s calculated from independent optical transitions σLB and Peak-α are consistent with
each other for the whole range of VG, demonstrating that the non-rigid band picture can
describe the physical properties of the gated tBG very well. The intensity of Peak-α (Sα)
is proportional to the optical transition matrix element (Mif ) and the density of the initial
ρi and final states ρf . At VG = VCNP, Sα is very large since the vHs and BE align in the
Brillouin zone giving a very large ρiρf . However, Sα decreases as we apply the gate bias
since (i) the vHs and BE no longer align due to U 6= 0, and (ii) one of the two α-transition
channels becomes silent when µ enters the gap [figure 3(b), (d), (f), and 4(b)]. Figure 4(c)
shows the VG-dependence of the intra-valance band transition, Peak-β. Peak-β is silent until
µ reaches vHs2, i.e., VG reaches -1.5 V. Once the transition is activated, however, it gives
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a strong absorption peak at the energy corresponding to the magnitude of band opening,
i.e., the energy difference between vHs2 and BE2. Theoretical investigation predicts that
the amount of band opening equals 2u0, where
u0 =
1√
SS˜
∫
T (r+ dzez)e
−iK·rdr, (5)
is the measure of the interlayer interaction strength [21, 24, 25]. Here, S and S˜ are the area
of each graphene layer, T (R) is the transfer integral between the atoms at a relative vector
of R, dz is the distance between the two layers, K is the Dirac point of graphene, and the
integral in r is taken over the total two-dimensional space. The band structures of low-angle
tBGs (θ ≤ 10◦) are very well described by this single parameter, u0. The energy of Peak-β,
Eβ = 0.2 eV(= 2u0) measured in this work, provides an important information about its
value of 0.1 eV, which is consistent with the theoretical expectation of u0 ∼ 0.110 eV. In
addition, figure 4(c) shows that the intensity Sβ grows rapidly with further gating. This
is because the two bands associated with this transition are almost parallel along M¯ − Γ¯
[see the inset of figure 4(c)] [35], ∇KEf ∼= ∇KEi, which give a prominent peak intensity
Sβ ∼
∫
FS
dS
|∇KEf−∇KEi| (FS = Fermi surface). From the band structures, we expect that
Peak-β will grow further for deeper gating VG < −2 V. Theoretically t is predicted to be
independent on carrier density [35], which is supported by our Eβ being constant with VG.
Discussion. We investigated the optical absorption spectrum of electrically gated tBG.
We showed that two different kinds of interband optical transitions take place in tBG,
namely, the transition between the linear bands (σLB) and that between vHs and the band
edge (Peak-α). Their behaviors with varying applied bias show the clear evidence of the
non-rigid band evolution. Specifically, the absorption edge of σLB is split into two edges
with different energies, indicating that the Dirac cones of the top and bottom layers are
shifted by different amount of energy. In addition, both the energy and intensity of Peak-α
show marked changes with the gate bias, since the interlayer potential asymmetry breaks the
alignment of the vHs and the band edge associated with the hybridization gap changing the
band structures from direct to indirect-like. The amounts of interlayer potential asymmetry
U extracted from the two independent phenomena, σLB and Peak-α, were consistent with
each other. Besides, we found that a unique intra-valence (intra-conduction) band transition
(Peak-β) is activated with further gating. The intensity of Peak-β can grow much larger
than that of Peak-α, and the energy of Peak-β is, unlike to Peak-α, less sensitive to the gate
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bias after it is activated. Moreover, the energy of Peak-β provides an important information
on the interlayer interaction strength, which is essential in revealing the full band structures
of tBG.
The gate tunable optical absorption has significant impact on electro-optical application.
For Peak-β, tBG can either transmit (Sβ = 0) or strongly absorb (large Sβ) the infrared
light at Eβ = 0.2 eV by the VG-control, which can be used for tunable modulator or filter.
As for Peak-α, this peak absorbs visible light (red, green, blue) for tBG samples in the
range of θ = 13o ∼ 17o [25]. There the electrical gating is of particular interest because
the gate-driven peak shift/suppression may lead to a possible color-change. Further electro-
optic application could be found by extending the notion of tunable band structure to other
bilayer materials. Recent studies showed that a 2D material can have many kinds of band
structure, linear or parabolic, metallic or insulating, direct or indirect gap, and so on [36–40].
When two such monolayers M1 and M2 form a bilayer composite, M1/M2, we can assume
that the same layer-dependent screening principle applies, i.e., M1-band shifts relative to
M2-band when gated, which can create new kinds of optical changes other than what we
observed in tBG, which will be interesting to investigate theoretically and experimentally.
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FIG. 1. Optical absorption of ungated tBG. (a) Optical images of tBG samples with different
twisted angle θ. Scale bar is 20 µm. (b) Electronic band diagram of tBG. BE and vHs stand for the
band edge of the second band and the saddle point van Hove singularity, respectively. Two kinds
of optical transitions are activated as shown by the red and blue arrows. (c) Optical conductivity
σ1(ω) of the five tBG samples. The Peak-α shifts to higher energy as θ increases. The sharp
peak at E = 0.13 eV is an artifact due to optical phonon absorption of SiO2. Inset compares the
measured peak position with the theoretical prediction [25]. (d) The σ1(ω) can be fit in terms of
the LB-transition (red curve) and Peak-α (blue curve).
10
 Momentum
En
erg
y
K
 
K'M
 top     bottom
 Momentum
En
erg
y
 K K'M
0.2 0.4 0.6 0.8 1.0 1.20
1
2
3
4
5
LB
 1(
)/
 m
on
o
Peak-
Energy (eV)
 
 = 6.4o
-2.0 V
-1.84 V
-1.67 V
0.84 V
0 V
-0.5 V-1.0 V-1.5 V
Peak-
a
b
c d
μ
E୆E୘
U
Eα
2E୘ 2E୆
μ
FIG. 2. Optical absorption of Ion-gel gated tBG. (a) Schematic view of the ion-gel gating circuit
and the infrared transmission measurement. (b) Optical conductivity of gated tBG (θ = 6.4o) for
various gate voltage VG. The gate-driven changes of the LB-transition, Peak-α, and Peak-β are
observed and discussed in detail in the text. (c) the band structure of tBG under gating. The top
band and bottom band shift by ET and EB respectively. U is their difference U = ET −EB. Here
the gap opening is omitted for clarity. (d) Optical transitions change in the gated tBG compared
with the un-gated one as result of the band shifts.
11
 Momentum
E
n
e
rg
y
 
 K K'M
 Momentum
E
n
e
rg
y
K
 
 
K'M
 Momentum
E
n
e
rg
y
 
 
K K'M
a b
c d
e f
Eα
Eα
EαEβ
2ET 2EB2E
∗
2ET
2EB
0.2 0.4 0.6 0.8 1.0 1.2
0
1
2
3
4
5
 Energy (eV)
V
G
 = -1.3 V

1
(
)/

m
o
n
o
 Peak-
 
LB
(E
B
)
 
LB
(E
T
, E*)
Drude
0.2 0.4 0.6 0.8 1.0 1.2
0
1
2
3
4
5
Drude
  Energy (eV)
V
G
 = -2.0 V

1
(
)/

m
o
n
o
 Peak-
 Peak-
 
LB
(E
B
)
 
LB
(E
T
)
μ
μ
μ
0.2 0.4 0.6 0.8 1.0 1.2
0
1
2
3
4
5

1
(
)/

m
o
n
o
V
G
 = 0.84 V Peak-
 
LB
(E
B
), 
LB
(E
T
)
Energy (eV)
FIG. 3. Gate-driven evolution of the optical conductivity (left column) and the band structure
(right column). (a), (c), (e) Fit of optical conductivity for VG = 0.84 V, -1.3 V, and -2.0 V. (b),
(d), (f) Non-rigid band evolution and optical transitions for (a), (c), and (e). As VG is increased,
U becomes stronger and as result Peak-α transition energy decreases. In (f), the new β-transition
(sky-blue) is activated.
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FIG. 4. Fitting result of the peak energy and intensity (a) LB-transition energy ET (and E
∗)
for the top graphene, and EB for bottom graphene. U is calculated from the LB-transition and,
independently, from the Peak-α shift U = Eα(0) − Eα(VG). (b) Peak energy Eα and strength Sα
of Peak-α. (c) Eβ and Sβ of Peak-β. Inset shows the band structure along M¯ → Γ¯ and M¯ → K¯,
where the arrows emphasizes the optical criticality of Peak-β.
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